Diaphragm strength was measured as maximal transdiaphragmatic pressure (Pdi) during airway occlusion in 38 infants aged 11.6 * 0.5 (S.E.) months postconception (mpc), range 8-21 mpc.
AN infants were asymptomatic at the time of study a d required no mechanical ventilatory assistance. Ten infants had previous surgical correction of abdominal wall defects (gastroschisis/omphrrlocele); 10 infants had previous surgical correction of congenital diaphragmatic herni.; and 18 infants had no thoracic or abdominal surgery. The mean maximal Pdi for all infants was 72 * 3 cmHaO. There were no significant differences between the three groups. AU infants with a maximal Pdi of less than 60 cm&O were aged less than 10 mpc. After 13 mpc there was no significant increase in maximal Pdi. Between the ages 8-13 mpc there was a significant positive correlation between maximal Pdi aod age postconception (r = 0.87, P < 0.0005), reflecting a developmental pattern of increasing maximal transdiaphragmatic pressure in infants during crying.
Abbreviations mpc, months postconception

Pdi, maximal transdiaphragmatic pressure
Premature infants have incomplete growth and development of skeletal muscle. A lack of muscle mass is visibly evident in most premature infants, suggesting decreased muscle power. One might assume that diaphragmatic muscle strength is similarly decreased, yet it has not been measured in infants. Diaphragmatic fatigue, detected by power frequency spectral analysis of the diaphragm Vol. 17, No. 9, 1983 M c d in U.S.A.
were measured in 38 breathing spontaneously, had no mechanical ventilatory ashyperidlation on chest roentgenograms kt the time of study. Informed consent was obtained from pare ts of all infants before study, and the study was approved by the titutional review board.
The age range k for the entire group was from 8 mpc, or 36 wk estimated gestati+nal age, to 21 mpc, or 12 months post-fullterm, with a mean of 1 .6 f 0.5 (S.E.) mpc.
The patient po$ulation was comprised of three groups. The fht was wmposed of 10 infants, aged 11.3 * 0.9 mpc, who had previous surgical correction of abdominal wall defects (either gastroschisis or omphalocele). The second was wmposed of 10 infants, aged 12.4 f 1.2 mpc, who had previous surgical correction of congenital diaphragmatic hernia. All of these infants were studied at least 1 wk after surgery. The third was wmposed of 18 control infants, aged 11.2 * 0.8 mpc, who had no thoracic or abdominal surgery. These were generally pretem infants who did not have significant lung disease at the time of study. There were no significant differences in the ages of the different groups ( P = 0.96).
Transdiaphragmatic pressure was measured according to the method of Agostoni (1, 2). A double-lumen (PE 200 Tubing, 100 cm long) catheter was swallowed with one 6-cm balloon inflated with 0.1 ml of air being positioned in the mid-esophagus to measure intrathoracic pressure. Accuracy of measurement was wnfmed by comparison of intrathoracic pressure with mouth pressure during airway occlusion (3). The other 6-cm balloon inflated with 1.0 ml of air was positioned in the stomach to measure intragastric pressure, an approximation of intra-abdominal pressure. These balloon gas volumes were within the working range of pressure-volume curves determined in vitro for each balloon (3). The balloons were connected to a differential pressure transducer. To correct for the difference between intragastric pressure and intra-abdominal pressure immediately beneath the diaphragm, Pdi was assumed to be zero at end expiration during quiet breathing.
Transdiaphragmatic pressure was recorded during spontaneous respirations, while crying, and during airway occlusion. Maximal inspiratory effort while crying against an occluded airway was observed to give maximal values for transdiaphragmatic pressure. Because of the rapid respiratory rates of these infants, it was not possible to consistently occlude the airway at the same lung volume. Clearly, neural drive, lung volume, and diaphragm wnfiguration differed between different airway occlusions. At least 10-20 airway occlusions were measured. The greatest transdiaphragmatic pressure achieved during several attempts at airway occlusion during crying was reported as the maximal Pdi for each subject. All of the infants were awake and were supported in the upright position during measurements.
RESULTS
Each maximal Pdi reported in "Results" is the greatest Pdi observed in each infant during crying against an occluded airway. For all 38 asymptomatic infants, maximal Pdi ranged from a minimum of 44 cmHzO to a maximum of 125 cmHzO, with a mean of 72 f 3 (S.E.) cmHzO. There were no significant differences in the mean maximal Pdi for the infants after repair of abdominal wall defects (79 f 7 cmHzO), the infants after repair of wngenital diaphragmatic hernia (71 * 6 cmHzO), and the infants who had no thoracic or abdominal surgery (69 * 5 cmHzO) (P = 0.50) (Tables 1, 2, and 3) . These results indicate that after repair of abdominal wall defects and wngenital diaphragmatic hernia the diaphragm is capable of generating comparable maximal transdiaphragmatic pressures to those of nonsurgical infants.
Because there was no difference in maximal Pdi among the three groups of asymptomatic infants, the data from all 38 infants were pooled to evaluate the developmental pattern of diaphragm strength, considered as a function of age postwnception (Fig. 1) .
All infants with a maximal Pdi of less than 60 cmHpO were at less of increasing maximal transdiaphragmatic pressure in infants during crying.
DISCUSSION
Like other skeletal muscles, the maximal tension that the diaphragm can generate is influenced by its length (8) . Diaphragm function has been shown to be dependent on lung volume, and with hyperinflation its ability to generate maximal inspiratory force is compromised (7, 8) . Although lung volumes were not measured in these infants, none of them demonstrated h y p e m ation on chest roentgenograms. Lung volume undoubtedly varied greatly on different airway occlusions in these infants. Because multiple trials were used in each infant, we assume that the maximal Pdi values occurred at relatively low lung volumes.
When measuring transdiaphragmatic pressure, it was assumed that the diaphragm was relaxed at end expiration during quiet breathing. It has been shown that the diaphragm does generate tonic activity at end expiration (lo), but this degree of error is relatively small and should not alter the overall pattern. In contrast, crying involves forced expirations with variations in lung volume. It is possible that the older infants had a more vigorous cry. This would place the diaphragm at a better mechanical advantage and may explain some of the developmental pattern observed. The magnitude of our results are greater than one would expect from changes in lung volume alone (7, 8, 12) .
Crying against an occluded airway did produce the highest Pdi values we observed over 30 min of recording in these infants. We did not compare these measurements to tcose obtained during maximal phrenic nerve stimulation. De Troyer and Esteme (4) noted thA maximal Pdi can vary considerably depending on whether an inspiratory effort is primarily diaphragmatic or performed with intercostal/accessory muscles. We did not measwe the thoraco-abdominal configuration. Changes in this configuration may account for the scatter in values seen above 13 mpc.
This study shows that infants after repair of abdominal wall defects and congenital diaphragmatic hernia are capable of generating maximal transdiaphragmatic pressures equal to infants who have not had surgery.
Maximal transdiaphragmic pressure increases from 8-13 months postconceptional age, reflecting a developmental pattern of increasing diaphragm strength in infancy. Similarly, Shoults et al. (14) have previously shown that maximal inspiratory force in neonates increases ~i~c a n t l y with increasing gestational age. Whether this pattern is entirely due to intrinsic properties of the diaphragm, or is contributed to by chest wall compliance or other factors cannot be determined from our results. De Troyer and Esteme (4) found a maximal Pdi of 9 1 f 8 cmH20 in 20 normal adults. This is not significantly different from the maximal Pdi of 85 * 5 cmHfO seen in the 10 infants greater than 13 mpc. These results suggest that the human diaphragm has strength similar to the adult by 6 months of age. Older infants are also larger. It is possible that nutrition plays a role in our results.
The high complian& of the newborn rib cage results in inward chest wall distortion during inspiration (8) . Collapse of the rib cage might limit the magnitude of the negative intrathoracic pressure-generated during inspiration, therefore decreasing the maximal transdiavhramatic pressure. In addition, the mechanical properties of the ientgatory huscles in the neonate are adversely affected by the different angle of insertion of the diaphragm (8) . These factors place the diaphragm at a mechanical disadvantage and may contribute to the decreased maximal transdiaphragmatic pressures seen in neonates as compared to older infants.
